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Abstract
Background: Thyroid dysfunction is more common in the female population, however, the impact of sex on
disease characteristics has rarely been addressed. Using a murine model, we asked whether sex has an influence on
phenotypes, thyroid hormone status, and thyroid hormone tissue response in hyper- and hypothyroidism.
Methods: Hypo- and hyperthyroidism were induced in 5-month-old female and male wildtype C57BL/6N mice, by
LoI/MMI/ClO4
− or T4 i.p. treatment over 7 weeks, and control animals underwent sham treatment (N = 8 animals/sex/
treatment). Animals were investigated for impact of sex on body weight, food and water intake, body temperature,
heart rate, behaviour (locomotor activity, motor coordination, and strength), liver function, serum thyroid hormone
status, and cellular TH effects on gene expression in brown adipose tissue, heart, and liver.
Results: Male and female mice showed significant differences in behavioural, functional, metabolic, biochemical,
and molecular traits of hyper- and hypothyroidism. Hyperthyroidism resulted in increased locomotor activity in
female mice but decreased muscle strength and motor coordination preferably in male animals. Hypothyroidism
led to increased water intake in male but not female mice and significantly higher serum cholesterol in male mice.
Natural sex differences in body temperature, body weight gain, food and water intake were preserved under
hyperthyroid conditions. In contrast, natural sex differences in heart rate disappeared with TH excess and
deprivation. The variations of hyper- or hypothyroid traits of male and female mice were not explained by classical
T3/T4 serum state. TH serum concentrations were significantly increased in female mice under hyperthyroidism, but
no sex differences were found under eu- or hypothyroid conditions. Interestingly, analysis of expression of TH
target genes and TH transporters revealed little sex dependency in heart, while sex differences in target genes were
present in liver and brown adipose tissue in line with altered functional and metabolic traits of hyper- and
hypothyroidism.
Conclusions: These data demonstrate that the phenotypes of hypo- and hyperthyroidism differ between male and
female mice and indicate that sex is an important modifier of phenotypic manifestations.
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Sex steroid hormone, Mice
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Background
Thyroid dysfunction, i.e., hyper- or hypothyroidism, oc-
curs with 2- to 9-fold higher prevalence in women [1],
yet besides fertility aspects and bone metabolism, a pos-
sible impact of gender on disease characteristics has not
been well studied, neither in the clinical setting nor in
epidemiological cohorts.
Experimental approaches using murine animal models
to study thyroid hormone (TH) action so far mostly in-
clude mice of only one sex or, occasionally, do not even
specify the mouse sex. A momentum calling for increased
awareness of sex impact on manifestation, prognosis, and
treatment of diseases was published in Nature in 2014 and
was afterwards re-emphasized by the Endocrine Society
[2, 3]. Furthermore, the “Guide to investigating thyroid
hormone economy and action in rodent and cell models
analysis of TH action” published by the American Thyroid
Association in 2013 advised to study male and female
rodents separately as the response to TH may be sexually
dimorphic [4].
In view of the clinical situation where both women
and men are affected by hyper- and hypothyroidism and
consequences of disease may be gender-specific, we de-
cided to employ a murine animal model, in which TH
function status can be easily manipulated, for a compre-
hensive characterization of sex impact on TH action.
Hence, male and female mice were studied for changes
in behavioural, functional, metabolic, and biochemical
markers in addition to the analysis of cellular TH effects
on gene expression in selected target organs comprising
brown adipose tissue (BAT), heart, and liver under con-
ditions of TH excess and deprivation.
Methods
Animals and study design
Male and female C57BL/6NTac (N = 8/sex/treatment;
Taconic Europe A/S, Denmark) mice aged 5 months
were housed in temperature- (23 ± 1 °C) and light-con-
trolled (inverse 12:12 h light-dark cycle) conditions. Food
and water were provided ad libitum. All animal experi-
ments were performed in accordance with the German reg-
ulations for Laboratory Animal Science (GVSOLAS) and
the European Health Law of the Federation of Laboratory
Animal Science Associations (FELASA). The protocols for
animal studies were approved by the Landesamt für
Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (LANUV-NRW). All efforts were made to
minimize suffering.
The 9-week experimental period was divided into
three parts (Fig. 1), consisting of a 2-week run-in period
prior to the manipulation of thyroid status to phenotyp-
ically characterize each individual mouse (pre-assess-
ment), a 3-week treatment period to induce hyper- or
hypothyroidism, and a 4-week assessment period to
repeat the phenotypic characterization of each individual
animal under chronic TH manipulation or euthyroid
control treatment.
Chronic hyperthyroidism and hypothyroidism were
induced as previously described [5, 6]. Briefly, for hyper-
thyroidism, i.p. injections of 1 μg/g body weight T4
(Sigma-Aldrich (T2376), USA) were performed every
48 h. For the induction of chronic hypothyroidism, ani-
mals were fed a low-iodine diet (LoI; TD.95007, Harlan
Laboratories, USA) and received drinking water supple-
mented with 0.02 % methimazole (MMI, Sigma-Aldrich
(301507), USA), 0.5 % sodium perchlorate (ClO4
−)
(Sigma-Aldrich (310514), USA), and 0.3 % saccharine as
sweetener (Sigma-Aldrich (240931), USA) (LoI/MMI/
ClO4
−). In addition, hypothyroid animals received i.p. injec-
tions of PBS every 48 h. Control animals were fed a con-
trol diet and received i.p. injections of PBS every 48 h.
Blood sample collection, serum TH, triglycerideand
cholesterol measurements
Final blood samples were stored 30 min on ice and cen-
trifuged, and free triiodothyronine (fT3), free thyroxine
(fT4), and total T4 (TT4) concentrations in serum of
mice were measured using commercial ELISA kits
according to the manufacturer’s instructions (DRG In-
struments GmbH, Marburg, Germany). Detection limits
were 0.5 μg/dL, 0.05 ng/dL, and 0.05 pg/mL for TT4,
fT4, and fT3, respectively. Serum TSH was measured
with a sensitive, heterologous, disequilibrium double-
antibody precipitation radioimmunoassay with a detection
limit of 10 mU/L [7] (kindly performed by the laboratory
of Prof. Refetoff at the University of Chicago, Chicago,
USA). Total cholesterol concentrations in serum were de-
tected using an enzymatic cholesterol quantitation kit
(Sigma-Aldrich (MAK043), USA) according to the manu-
facturer’s instructions. Total triglyceride concentrations in
serum were detected using an enzymatic serum triglycer-
ide determination kit (Sigma-Aldrich (TR0100), USA)
according to the manufacturer’s instructions.
Monitoring of body weight, food, and water intake
Body weight was measured two to three times a week
by placing mice on a scale. Food consumption was de-
termined once a week by measuring the weight of
remaining food pellets in the metal cage top. Water in-
take was controlled by weighting of water bottles (for
all to the nearest 0.1 g) weekly or twice per week in con-
trol and TH-manipulated groups. Male mice were caged
individually, while female mice were kept in groups of
three to four animals. Thereby, food and water intake of
female mice was calculated by dividing the measured
intake by the number of animals in each cage.
For each mouse, average daily food and water intake
was calculated, and adjustments for body weight were
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derived by dividing the average intake by the average
body weight and multiplying the result by 40 g.
Measurement of body temperature
Body temperature of mice was assessed four times
using a cream-covered rectal probe (RET-3 rectal probe
for mice, Kent Scientific Corporation, USA) connected
to a thermocouple thermometer (Acorn Temp JKT
Thermocouple Meter, Kent Scientific Corporation, USA).
Mice were placed on the top of the cage, and the rectal
probe was carefully inserted 2 cm into the rectum until a
steady temperature was measured, which took approxi-
mately 8 to 10 s.
Measurement of heart rate
Non-invasive restrained ECG recording was performed
using an in-house protocol [8]. Conscious mice were
placed on a platform with their paws on silver electrodes
and were restrained by a half-tunnel. Signal was derived,
enhanced, and digitalized (Picoscope 2204, Pico Technol-
ogy, UK). ECG was recorded using Picoscope 6 Software
over 60–90 s, and heart rate was determined by measure-
ments of RR intervals over 8 s in a stable steady state.
Non-invasive restrained ECG was recorded three times in
all animals.
Collection of organs
As previously described [5, 6], animals were euthanized
24 h after the last T4 treatment or continuous TH
deprivation. Liver, heart, and BAT were isolated and
stored at −80 °C until further processing.
Isolation of RNA, cDNA synthesis, and real-time PCR
RNA extraction was performed as previously described [5,
6]. Briefly, total RNA was extracted using RNeasy mini kit
(Qiagen, Germany) and reversed transcribed using Super-
Script III First-Strand Synthesis System for RT-PCR accord-
ing to instruction manuals (Life Technologies, Germany).
Exon spanning primers for amplification of TH-responsive
genes (Additional file 1: Table S1) were designed using
PrimerBlast (NCBI) and synthesized by Eurofins (Eurofins
MWG Synthesis, Germany). Quantitative real-time PCR
(qRT-PCR) was performed using LightCycler® DNA Master
SYBR Green I and the LightCycler®480 System (Roche,
Germany). The PCR program consisted of an initial de-
naturation step (5 min at 95 °C) and 40 amplification cycles
with 15 s at 95 °C, 10 s at 60 °C, and 20 s at 72 °C.
For the normalization of gene expression, reference
genes 18S, Ppia (peptidylprolyl isomerase A, cyclophilin
A), and Rpl13 a (ribosomal protein L13a) for liver; 18S,
Gapdh (glyceraldehyde-3-phosphate dehydrogenase),
and Polr2a (polymerase RNA II) for heart; and 18S,
Ppia, and Gapdh for BAT were used. The following
genes were studied as TH responsive: Dio1 (deiodinase
1), Dio2 (deiodinase 2), Tbg (thyroxine-binding globulin),
Me1 (malic enzyme 1), Myh6 (myosin heavy chain 6),
Hcn4 (hyperpolarization activated cyclic nucleotide gated
potassium channel 4), Ucp1 (uncoupling protein 1), and
Pgc1α (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) [4, 9–11]. To calculate the relative
quantification ratio, an efficiency-corrected calculation
model was used [12–14].
Behavioural tests
Rotarod test
The rotarod test [15] basically consists of five 3-cm
diameter cylinders, enabling five mice to be tested sim-
ultaneously. On the first testing day, mice were allowed
to acclimate to the rotarod test by letting them walk
6 min on the rotating cylinder with constant acceleration
from 2–20 rpm.
For each rotarod session, mice were subjected to four
trials, with a minimum resting time interval of 6 min
between the trials. Rotation mode was switched to con-
stant acceleration from 4–50 rpm within 5 min. Max-
imum time and speed mastered by the animal were
recorded. Mice that fell off the rod or attained full speed
were placed back to their home cages. Every animal was
subjected to two rotarod sessions (with a suspension
period of 7 days) each before and after the induction of
Fig. 1 Study design for phenotypic characterization of hyper- and hypothyroidism in female and male mice. Two weeks were used to study the
euthyroid control state of male and female mice (run-in period), followed by 3 weeks induction period without experiments other than
monitoring body weight and food and water intake. After the induction period, male and female mice were analyzed under hyper- and
hypothyroid conditions over a period of 4 weeks and compared to sham-treated controls
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thyroid dysfunction (four sessions with 16 trials in total).
Sessions 2 and 4 were used for statistical analysis.
Chimney test
The chimney test is constituted of a plastic tube (length
30 cm, diameter 3 cm). Mice were placed inside the tube
and allowed to reach the other end. Then, the tube was
turned into a vertical position with mice head upside
down. The test consisted of determining the time taken
by mice to climb up to 25 cm of height. Mice were given
90 s of time to pass the test [16, 17].
Open Field
Open field consisted of a closed square area made of
Plexiglas (50 × 50 cm). The area was divided into four
corners, four walls, and a center region (16 × 16 cm).
Animals were tested in the dark phase of their dark/
light cycle. Mice were placed in the center of the open
field and allowed to move freely for 5 min. Movements
were monitored and digitalized by VideoMot2 software.
Software recorded entries in all areas including time,
frequency, latency, and distance. Occurring events of
rearing, freezing, grooming, and jumping were recorded
manually by the investigator during the experiment.
Mice were placed in their home cages after 5 min of
exploring the area.
Statistical analysis
All data are shown as means ± standard deviation (SD)
or standard error of the mean (SEM), as indicated. Stat-
istical analysis using GraphPad Prism 6 Software was
performed. Two-way ANOVA was used to compare
more than two groups, followed by the Bonferroni post
hoc analysis. The effects of both thyroid dysfunctions
are often opposing, and inclusion of both treatments
would therefore always show a significant treatment
effect. To prevent false positive results, statistical ana-
lyses of treatment groups were performed separately for
hyper- and hypothyroid groups. Unpaired Student’s t
test to compare differences between two groups was
applied. Values of *p < 0.05, **p < 0.01, and ***p < 0.001
were considered statistically significant.
Results
Sex modifies the impact of TH on body weight, food and
water consumption, body temperature, and heart rate in
hyper- and hypothyroid state
Male mice showed significantly increased body weight
(BW) compared to female mice under euthyroid and
hyperthyroid conditions (Fig. 2a, b). For euthyroid mice,
the highest ΔBW was observed in week 9, m < 16.5 %
and f <5.9 % (F(17,252) = 9.003, p < 0.0001 for time effect
and F(1,252) = 67.18, p < 0.0001 for sex effect, interaction:
F(17,252) = 4.065, p < 0.0001). Similarly, for hyperthyroid
mice, the highest ΔBW was observed in week 9, m <
29.6 % vs f < 16.5 % (F(17,252) = 33.43, p < 0.0001 for time
effect and F(1,252) = 88.28, p < 0.0001 for sex effect, inter-
action F(17,252) = 3.966, p < 0.0001). In contrast, sex differ-
ence in body weight gain disappeared in hypothyroidism
except for occasional time points in weeks 3, 5, and 9
(highest ΔBW m ~2 % at week 9 vs f ~0.7 % at week 9,
F(17,252) = 2.055, p = 0.0093 for time effect and F(1,252) =
52.98, p < 0.0001 for sex effect with no interaction
F(17,252) = 1.614, p = 0.0605, Fig. 2c).
Euthyroid female mice consumed more food (m ~4.5 vs
f ~5 g/g BW*40 g) and water (m ~4.8 vs f ~6 ml/g
BW*40 g) than male mice (Fig. 2d, g; food intake: F(8,126)
= 61.77, p < 0.0001 for time effect and F(1,126) = 121.7, p <
0.0001 for sex effect, interaction: F(8,126) = 3.469, p =
0.0012; water intake: F(8,126) = 31.92, p < 0.0001 for time
effect and F(1,126) = 385.3, p < 0.0001 for sex effect, inter-
action: F(8,126) = 3.342, p = 0.0017). T4 administration
enhanced food (m ~5.5 vs f ~6.5 g/g BW*40 g) and water
intake (m ~6 vs f ~7.5 ml/g BW*40 g) in both sexes, again
significantly more pronounced in female mice (Fig. 2e, h;
food intake: F(8,126) = 11.56, p < 0.0001 for time effect and
F(1,126) = 78.90, p < 0.0001 for sex effect, interaction:
F(8,126) = 5.721, p < 0.0001, water intake: F(8,126) = 7.898, p
< 0.0001 for time effect and F(1,126) = 90.29, p < 0.0001 for
sex effect, interaction: F(8,126) = 3.170, p = 0.0026).
Hypothyroidism abolished sex difference in food intake
(m ~5 vs f ~4.8 g/g BW*40 g, F(8,126) = 9.004, p < 0.0001
for time effect and F(1,126) = 15.25, p = 0.0002 for sex effect,
interaction: F(8,126) = 9.393, p < 0.0001, Fig. 2f) and re-
versed sex difference in water consumption with female
mice showing significantly less water intake (m ~6.8 vs f
~4 ml/g BW*40 g, F(8,126) = 13.55, p < 0.0001 for time
effect and F(1,126) = 90.96, p < 0.0001 for sex effect, inter-
action: F(8,126) = 34.92, p < 0.0001, Fig. 2i).
Body temperature, measured by a rectal probe, was
higher in euthyroid female compared to male mice (m
~37.5 vs f ~38.2 °C, p < 0.05). This sex difference
persisted during T4 administration (m ~38.1 vs f
~38.8 °C, p < 0.05, F(1,28) = 21.23, p < 0.0001 for sex
effect, F(1,28) = 16.50, p = 0.0004 for treatment effect
and F(1,28) = 0.04857, p = 0.8272 for interaction) and LoI/
MMI/ClO4
− treatment (m ~37.2 vs f ~38.2 °C, p < 0.01,
F(1,28) = 25.77, p < 0.0001 for sex effect, F(1,28) = 0.9667, p =
0.3339 for treatment effect, and F(1,28) = 0.7794, p = 0.3848
for interaction, Fig. 3a). Interestingly, a drop in body
temperature was only observed in male but not female
hypothyroid mice compared to euthyroid controls.
Non-invasive ECG measurements were performed to
investigate the influence of TH on heart rate (HR).
Euthyroid female animals showed higher HR than male
mice (m ~704 vs f ~738 bpm, p < 0.05). Sex difference
in HR disappeared with TH excess (m ~770 vs f
~782 bpm, F(1,28) = 5.837, p = 0.0225 for sex effect,
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F(1,28) = 32.65, p < 0.0001 for treatment effect, and
F(1,28) = 1.306, p = 0.2628 for interaction) or deprivation
(m ~564 vs f ~577 bpm, F(1,28) = 5.586, p = 0.0253 for
sex effect, F(1,28) = 227.2, p < 0.0001 for treatment effect,
and F(1,28) = 1.099, p = 0.3034 for interaction, Fig. 3b).
Male mice show pronounced impairment of muscle
function and coordination while female mice exhibit
increased activity under TH excess
Muscle strength, tonus, and coordination of movements
were examined by the chimney test. In general, female
mice showed better performance in climbing up the tube
than male mice (m ~26.57 vs f ~7.4 s, Fig. 4a). Hyper-
and hypothyroidism resulted in decrease of muscle
strength and coordination in female, but even more
strikingly in male mice (m ~80.13 vs f ~27.11 s, p <
0.001, F(1,28) = 23.94, p < 0.0001 for sex effect, F(1,28) =
24.66, p < 0.0001 for treatment effect, and F(1,28) = 5.266,
p = 0.0294 for interaction (hyper) and m ~60.71 vs. f
~9.97 s, p < 0.05, F(1,28) = 19.23, p = 0.0001 for sex effect,
F(1,28) = 5.3, p = 0.029 for treatment effect, and F(1,28) =
3.923, p = 0.0575 for interaction (hypo)). Of note, per-
formance in the chimney test was more impaired under
TH excess than TH deprivation.
To investigate changes in activity and exploration behav-
ior, an open field test was used. Overall activity was
Fig. 2 Body weight change, food and water intake in euthyroid, T4 or LoI/MMI/ClO4
− treated mice. Time course of the average body weight (BW)
of male and female mice over an experimental period of 9 weeks under a control, b T4, and c LoI/MMI/ClO4
− treatment. Average food intake was
related to BW during experiment in d euthyroid, e hyperthyroid, and f hypothyroid conditions in mice of both sexes. After run-in period mice
were placed on low-iodine diet for the induction of hypothyroidism, or on control iodine diet by the same supplier to adapt the nutritional intake
(euthyroid and hyperthyroid groups). Arrows indicate the start of treatment. Time course of average water intake was monitored over the experi-
mental period of 9 weeks under g control, h TH excess, and i TH deprivation of male and female mice. Data are presented as mean ± SD, N = 8
animals/sex/treatment/time point; two-way ANOVA followed by the Bonferroni post hoc analysis applied for time and sex effects, *p < 0.05, **p < 0.01,
***p < 0.001 above graph represent multiple-testing results
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measured by total distance travelled, while exploration was
quantified by the frequency of rearing events. Control ani-
mals showed no sex difference in open field parameters.
Interestingly, T4 excess resulted in increased activity and
exploratory behaviour only in female mice (m Δ~
257.9 cm vs f Δ ~ 1243.2 cm, p < 0.001 and m Δ ~ 8.6 vs f:
Δ ~ 16.6 counts, p = 0.05), whereas LoI/MMI/ClO4
− treat-
ment led to a decreased activity in male mice only (m Δ~
805.4 cm, vs f Δ~ 227.2 cm, p < 0.01, Fig. 4b, c). Sex effect
under hyperthyroidism was not significant (F(1,28) = 3.164,
p = 0.0861 for activity, F(1,28) = 0.6493, p = 0.4272 for ex-
ploratory behaviour), but treatment effect reached statis-
tical significance (F(1,28) = 7.6, p = 0.0102 for activity and
F(1,28) = 10.60, p = 0.0030 for exploratory behaviour). Their
interaction was significant for activity (F(1,28) = 17.64, p =
0.0002), but not for exploratory behaviour (F(1,28) = 1.064,
p = 0.3112). While under hypothyroidism, no sex effect was
found (F(1,28) = 0.9943, p = 0.3272 for activity and F(1,28) =
0.8467, p = 0.3654 for exploratory behaviour), treatment ef-
fect was significant (F(1,28) = 12.86, p = 0.0013 for activity
and F(1,28) = 9.231, p = 0.0051 for exploratory behaviour).
Furthermore, we found an interaction between sex and
treatment on exploratory behaviour (F(1,28) = 8.406, p =
0.0072), but not on activity (F(1,28) = 4.033, p = 0.0544).
In contrast to these sex-specific modulations of TH
impact on behaviour, no sex differences were noted for
male and female mice on the rotarod test under eu-,
hyper-, and hypothyroid conditions (Fig. 4d–f ).
Fig. 3 Influence of sex and change of TH serum concentrations on body temperature and heart rate. a Body temperature was assessed by rectal
temperature measurements and b non-invasive ECG was performed on conscious mice of both sexes under euthyroid, hyperthyroid, and
hypothyroid conditions. Data are presented as mean ± SD, N = 8 animals/sex/treatment; two-way ANOVA followed by the Bonferroni post hoc
analysis applied for treatment and sex effects, *p < 0.05, **p < 0.01, ***p < 0.001 above bars represent multiple-testing results
Fig. 4 Behavioural assessment of male and female mice under T4 excess or deprivation. The chimney test was used to a examine muscle
strength, tonus, and coordination of movements in male and female mice under euthyroid, hyperthyroid, or hypothyroid conditions. The open
field was used to investigate activity and exploratory behaviour. b Total distance travelled was measured to assess activity, and c frequency of
rearings was determined to assess exploratory behaviour. The rotarod test was used for an overall assessment of coordination and motor
function in male and female mice before the start of treatment (training period) and under sham (d), T4 (e), or LoI/MMI/ClO4
− (f) treatment. Data
are presented as mean ± SD, N = 8 animals/sex/treatment; two-way ANOVA followed by the Bonferroni post hoc analysis applied for sex and treat-
ment effects of a–c and unpaired Student’s t test for sex effect of d–f, *p < 0.05, **p < 0.01, ***p < 0.001 represent multiple-testing or t test results
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Sex influences on serum thyroid function status in
hyperthyroidism and liver function in hypothyroidism
Serum TT4, fT4, and fT3 concentrations did not differ
between euthyroid male and female mice (Fig. 5a–c).
TSH serum concentrations of euthyroid male and female
mice were 310 ± 170 mU/l and 290 ± 30 mU/l, respect-
ively (±SEM, n = 4). T4 treatment resulted in marked sex
differences in serum T4 and T3 status with 2.3-fold
higher TT4 and fT4 concentrations in hyperthyroid fe-
males compared to male mice (Fig. 5a–c) and TSH con-
centrations below detection limit (<10 mU/l) in both
sexes. LoI/MMI/ClO4
− treatment reduced TT4 concentra-
tions below assay detection limit (<0.5 μg/dl) in both sexes
(Fig. 5a–c) and increased TSH to 6830 ± 1070 mU/l and
7790 ± 1270 mU/l in male and female mice, respectively
(±SEM, n = 4). Sex effects on TH serum parameters were
observed for TT4 and fT4 under hyperthyroidism (TT4:
F(1,28) = 20.50, p = 0.0001; fT4: F(1,28) = 10.80, p = 0.0027)
but not for hypothyroidism (TT4: F(1,28) = 0.09858, fT4: p
= 0.7559; F(1,28) = 0.2127, p = 0.6482) and not for fT3
(hyperthyroid: F(1,28) = 2.485, p = 0.1261; hypothyroid:
F(1,28) = 0.1553, p = 0.6965). Treatment effects had an
impact on TT4 concentrations (hyperthyroid: F(1,28) =
95.74, p < 0.0001; hypothyroid: F(1,28) = 165.8, p < 0.0001)
and on fT4 and fT3 concentrations under hyperthyroidism
(fT4: F(1,28) = 41.32, p < 0.0001; fT3: F(1,28) = 5.26, p <
0.0001). No treatment impact was observed under
hypothyroidism for fT4 and fT3 (fT4: F(1,28) = 2.316, p =
0.1393; fT3: F(1,28) = 0.1645, p = 0.6882). Interaction of TH
status and sex was found for TT4 and fT4 under hyper-
thyroidism (TT4: F(1,28) = 21.26, p < 0.0001; fT4: F(1,28) =
10.75, p = 0.0028) but not under hypothyroidism (TT4:
F(1,28) = 0.1272, p = 0.7241; fT4: F(1,28) = 0.2350, p = 0.6316)
and not for fT3 (hyperthyroid: F(1,28) = 3.658, p = 0.0661;
hypothyroid: F(1,28) = 0.8460, p = 0.3656).
To examine the influence of sex on TH-dependent liver
function, liver parameters were analyzed in sera collected
at the end of treatment. While no changes were found in
aspartate aminotransferase, creatine kinase, cholinesterase,
and albumin serum concentrations (data not shown), a
marked sex difference was found for total cholesterol
(CHO) and triglyceride (TG) concentrations. Male mice
exhibited higher CHO concentrations compared to female
mice in the euthyroid state, and hypothyroidism led to
Fig. 5 Serum TH status in euthyroid controls, T4 or LoI/MMI/ClO4
− treated male and female mice. a Total thyroxine (TT4), b free thyroxine
(fT4), and c free triiodothyronine (fT3) concentrations were determined in sera by ELISA after 7 weeks of treatment. d Total cholesterol
and e triglyceride serum concentrations were determined by ELISA at the end of experiment in sera of euthyroid, hyperthyroid, and
hypothyroid mice of both sexes. Data are presented as mean ± SD, N = 8 animals/sex/treatment for TH concentrations, N = 4/sex/treatment
animals for total cholesterol and triglyceride concentrations; two-way ANOVA followed by the Bonferroni post hoc analysis applied for sex
and treatment effects, *p < 0.05, **p < 0.01, ***p < 0.001 above bars represent multiple-testing results
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significantly larger increases in serum CHO concentra-
tions in male compared to female mice (m Δ ~ 224.6 mg/
dl, f Δ ~ 63.9 mg/dl). In contrast, T4 treatment decreased
total CHO concentrations in both sexes (m Δ ~ 106.9 mg/
dl, f Δ ~ 63.1 mg/dl). Thus, sex difference in serum CHO
levels disappeared during TH excess (F(1,12) = 1.530,
p = 0.2397), while deprivation led to an exaggeration
(F(1,12) = 35.44, p < 0.0001) (Fig. 5d). The treatment effect
(F(1,12) = 57.23, p < 0.0001 for hyperthyroidism and F(1,12)
= 54.66, p < 0.0001 for hypothyroidism) was considered
significant and interacted with the sex effect (F(1,12) =
3.799, p = 0.0075 for hyperthyroidism and F(1,12) = 16.96,
p = 0.0014 for hypothyroidism). Serum TG concentrations
were not different in euthyroid males and females, but in-
creased in hyperthyroid female mice only (m Δ~ 0.035 mg/
ml, f Δ~ 0.198 mg/ml, F(1,12) = 0.08541, p= 0.7751). How-
ever, a sex difference appeared by TH modulation and was
exaggerated by LoI/MMI/ClO4
− treatment (m 0.288 mg/ml
vs f 0.186 mg/ml, p < 0.05, F(1,12) = 15.77, p= 0.0019)
(Fig. 5e). The treatment effect was considered significant for
hyperthyroidism (F(1,12) = 20.98, p= 0.0006) and interacted
with sex effect (F(1,12) = 10.23, p= 0.0076), but not for
hypothyroidism (F(1,12) = 3.983, p= 0.0692; F(1,12) = 0.3958,
p = 0.5410 for interaction).
Evidence for a distinct impact of sex on cellular TH effects
on gene expression in target organs brown adipose
tissue, heart, and liver
Expression of TH-responsive genes and TH transporters
was studied by quantitative RT-PCR in BAT, heart, and
liver of male and female mice under T4 excess, TH
deprivation, and euthyroid conditions (Fig. 6a–i). A dis-
tinct and organ-specific pattern of sex variation in gene
expression was observed. In brown adipose tissue,
marked sex-specific alterations in Dio2 transcript levels
were detected in hyperthyroid (upregulation in male,
downregulation in female mice) and for Lat2 in hyper-
and hypothyroid animals (Fig. 6a, b). Additionally, sex-
dependent variation was found for expression of all
investigated target genes and TH transporters in euthyr-
oid mice (Fig. 6c). In contrast to this data, very little or
no sex impact was found on target gene or TH trans-
porter gene expression in heart neither in euthyroid con-
trols nor in response to T4 or LoI/MMI/ClO4
− treatment
(Fig. 6d–f ). In fact, for most investigated genes, a dis-
tinctly higher expression was found in heart tissue of
male mice irrespective of thyroid function status. In
line with the contribution of liver and BAT to meta-
bolic features of thyroid dysfunction, significant sex-
specific alterations for, e.g., Dio1, Tbg, and Me1 as well
as Mct10 and Lat1 expression were obvious with the
manipulation of thyroid status (Fig. 6g–h), while livers
of male and female euthyroid control mice showed
little sex variation in target gene and TH transporter
expression (Fig. 6i).
Discussion
The female preponderance of thyroid dysfunction is well
known; however, whether gender has an impact on mani-
festation and outcome of hyper- and hypothyroidism in
men and women has not been well studied, and the
molecular mechanisms are still unclear. Using a murine
model, we found marked sex differences in functional be-
haviour and metabolic and biochemical parameters in
hyper- and hypothyroid mice. Sex of mice did not alter
the general response of body weight and heart rate to
the manipulation of thyroid status; only the extent of
these changes is somewhat different. In addition, a
distinct sex variation in cellular TH effects on gene
expression was observed in BAT, heart, and liver on
the basis of TH target and TH transporter gene ex-
pression analysis.
Sex difference for water intake reverses during TH
deprivation
A clear sex difference could be observed for water in-
take in euthyroid and hyperthyroid conditions as
females consumed more water than male mice (Fig. 2g,
h). Strikingly, this is reversed in hypothyroidism and
female mice consume significantly less water than their
male counterparts (Fig. 2i). This observation could in-
dicate that female mice taste bitter substances differ-
ently due to altered taste receptor distributions.
However, studies of taste receptors in mice either ad-
dressed only male mice [18] or observed no sex differ-
ences [19]. Preferences for the primary taste qualities
sweet, sour, bitter, salty, and umami showed no sex dif-
ferences for C57BL/6 mice [20]. Thus, the supple-
mented drugs might be recognized not by usual taste
receptors but different receptor types in female and
male mice. However, decreased water consumption did
not affect the success of LoI/MMI/ClO4
− treatment as
TT4 serum concentrations were below limit of detec-
tion and serum TSH was highly elevated to comparable
values for both sexes. The manipulation of TH status
might also affect hormonal regulation of fluid intake,
water and salt homeostasis, an observation compatible
with altered water metabolism in hypothyroid patients
[21, 22] and increased hypothalamic vasoactive intes-
tinal polypeptide-immunoreactive neuron expression in
hypothyroid rats [23]. For other phenotypic traits
related to the manipulation of TH concentration, sex-
specific differences persisted (e.g., body temperature in
hyper- and hypothyroidism), were exaggerated (e.g., food
intake in hyperthyroidism) or disappeared (e.g., BW
change in hypothyroidism).
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TH excess results in distinct exaggeration of behavioural
traits in male vs female mice
Behavioural assessment of our mice consisted of measure-
ments of locomotor activity, motor function, and coordin-
ation tests. TH manipulation resulted in increased activity
and exploratory behaviour during TH excess in female
mice only, while decreased activity under TH deprivation
was present in male mice only (Fig 4b, c). Previous studies
with adult-onset hypothyroidism in male mice support
our observation of decreased locomotor activity, with no
consistent findings for anxiety [24, 25]. Impact of sex and
TH excess on locomotor activity has not been addressed
so far. For euthyroidism, a higher locomotor activity as
well as increased voluntary exercise of females compared
to male mice has previously been described [26, 27] and
was confirmed in our study. The chimney test investigates
motor coordination and muscular strength and showed
higher impairment of performance by T4 administration
than by LoI/MMI/ClO4
− treatment for both sexes (Fig. 4a).
Male mice showed more pronounced affliction of chimney
test performance under the manipulation of TH status.
Since the rotarod test which evaluates motor coordination
and balance in movements showed no sex or treatment
differences (Fig. 4d–f ), we suspect that altered muscle
function could be responsible for the observed effects in the
chimney test. To our knowledge, our study is the first to as-
sess muscle strength under hyper- and hypothyroid condi-
tions for mice of both sexes. When assessing behaviour, it
is important to distinguish whether the differences are due
to a compromised muscle function or neurological impair-
ment. Comparison of mice of both sexes showed generally
shorter contraction of isolated muscles in male mice [28].
Therefore, it has been suggested that male muscles are gen-
erally faster and have a higher maximum power output
than female muscles. On the other hand, female muscles
are generally more fatigue resistant, recover faster, and
show less mechanical damage after exercise [28, 29]. As
central nervous system and peripheral nervous system co-
ordinate muscle function, it is not unreasonable to con-
clude that both neurological and primary muscular factors
might contribute to observed sex differences [30, 31]. These
aspects remain to be investigated.
Sex difference in body temperature persists throughout
thyroid dysfunction and is reflected by cellular TH effects
on gene expression in BAT
Persisting sex differences in eu- and hyperthyroidism
between male and female mice were found for body
Fig. 6 TH effects in brown adipose tissue (BAT), heart, and liver of male and female mice. Fold changes of representative TH-responsive genes
were measured by quantitative RT-PCR in a BAT, d heart, and g liver tissue of hyperthyroid or hypothyroid mice of both sexes and normalized to
tissue samples of euthyroid control mice. For BAT Dio2, Ucp1, and PGC1α expression; for heart Dio2, Myh6, and Hcn4 expression; and for liver Dio1,
Tbg, and Me1 expression were quantified. Additionally, mRNA expression of TH transporter genes were analyzed in b BAT, e heart, and h liver. For
BAT: Mct8, Mct10, Oatp3a1, Lat2, for heart: Mct8, Ntcp, Lat1, Lat2, and for liver: Mct8, Mct10, Lat1, Lat2. Furthermore, euthyroid sex comparison was
analyzed in c BAT, f heart, and i liver of all genes, and gene expression in female tissues was normalized to male samples. Data are presented as
mean ± SD, N = 5–7 animals/sex/treatment; unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001 represent t test results
Rakov et al. Biology of Sex Differences  (2016) 7:36 Page 9 of 13
temperature with higher values in female mice
(Fig. 3a). It has previously been described that euthyr-
oid female mice have higher body temperature than
male mice, but this is not explained by classical TH
serum concentrations in euthyroid or hyperthyroid
animals [26, 32]. As BAT is a TH target organ and
involved in the regulation of body temperature [33],
gene expression analysis was performed for TH target
genes and TH transporter expression. With the ma-
nipulation of TH status, TH-responsive sex difference
in gene expression was only found for Dio2, which
increased in BAT of hyperthyroid male mice but de-
creased in BAT of hyperthyroid female mice (Fig. 6a).
However, we cannot extrapolate from transcript con-
centration on enzyme activity, as previous studies
showed different regulation of Dio2 under TH influ-
ence [34]. No sex difference was found for the inves-
tigated TH-responsive genes under TH deprivation.
This supports the observed persisting sex differences
in body temperature, as TH manipulation resulted in
little sex differences of TH-responsive gene expression
in BAT. For TH transporter genes, only Lat2 was
higher expressed in BAT of hyperthyroid male com-
pared to female mice, however, Lat2 gene expression
was also increased in BAT of hypothyroid female
compared to male mice (Fig. 6b). Lat2 is known to
transport not only TH (preferentially diiodothyro-
nines) but also small neutral amino acids [35, 36].
Thus, it might reflect sex-different needs for amino
acid transport in BAT during TH dysfunction.
For interpretation of cellular TH effects on gene
expression in BAT, it is important to remember that
two mechanisms play a role in BAT activation and
thermogenesis. Firstly, adjustment of body temperature
in response to thermal stress which occurs due to
housing temperature (23 °C instead of thermoneutral-
ity at 30 °C) and therefore chronically augmented me-
tabolism [37]. Secondly, activation of basal energy
expenditure by TH results in increased thermogenesis
[38, 39]. The balance between these two mechanisms
has been addressed in recent studies under TH
deprivation and showed that BAT thermogenic pro-
gram was only down-regulated when hypothyroidism
was combined with thermoneutrality [40]. In our
study, mice were not kept under thermoneutral condi-
tion; hence, we expect an overlap between adjustment
to thermal stress, and activation or inactivation of
basal energy expenditure by TH excess or deprivation,
respectively.
Sex difference in heart rate disappears with hyper- and
hypothyroidism
Euthyroid female mice showed higher HR compared to
males, but this sex difference disappeared with a hyper-
or hypothyroid state (Fig. 3b). We asked whether these
changes in sex impact would also be mirrored by cellu-
lar TH effects and hence performed gene expression
analysis in heart tissue. No sex difference in the expres-
sion of investigated TH-responsive genes was found.
Similarly, for TH transporters, only Ntcp showed differ-
ent expression in male and female heart tissues irre-
spective of TH dysfunction (Fig. 6e). Hence, this data
does not explain why sex difference in HR disappears
with the manipulation of TH status, and it is therefore
likely that the investigated genes do not reflect the total
organ response. Sex-specific impact on neuronal regula-
tion of heart rate and function might lead to these
changes independent from myocardial gene expression
[41].
TH-dependent liver function and metabolism is sex-
specific
It is well known that TH influences serum total CHO
concentrations [42–46]. A correlation with serum TH
status was confirmed by changes in CHO serum concen-
trations of our mice. A sex difference in CHO levels was
augmented during LoI/MMI/ClO4
− treatment and disap-
peared under T4 administration (Fig. 5d). Since male
mice showed more pronounced changes than female
mice, we suggest that CHO metabolism in livers of male
mice may be more sensitive to TH manipulation com-
pared to female mice. This observation is supported by
the known sex-dependent regulation of Cyp7a1 in trans-
genic mice, where hyperthyroidism decreased Cyp7a1 in
male mice, while no regulation could be found in female
mice [43]. In addition, studies on changes in other func-
tional parameters in liver tissues revealed sex-dependent
regulation of tight junction proteins, such as claudin-1
and claudin-2 in cholangiocytes and hepatocytes of male
and female animals under hypothyroid conditions. Fur-
ther experiments including analysis of CHO synthesis
pathways led to the hypothesis that claudins may be
relevant for reversal of sex hormone-related susceptibil-
ity to gallstone formation in hypothyroidism [6]. On the
other hand, TG serum concentration increased in hyper-
thyroid female mice only (Fig. 5e) and suggest a different
TG metabolism response to TH in male and female
mice. Gene expression profile shows more pronounced
TH-dependent regulation in the liver of female com-
pared to male mice. Thus, a higher expression of TH-
responsive genes Dio1 and Me1 was noted in hyperthy-
roidism in female mice liver, and Tbg transcripts were el-
evated in hypothyroid female liver compared to male
mice. For TH transporters, Mct10 gene expression was
increased in hyperthyroid female mice and for Lat1, a
higher expression was observed in hyperthyroid male
mice (Fig. 6g, h).
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Possible influence of estrogens on TT4 and fT4 serum
concentrations during TH excess
One very obvious sex-specific alteration was the increase
in TH serum concentrations in female hyperthyroid
mice. In fact, 2.3-fold higher TT4 and fT4 serum concen-
trations were measured in female mice after 7 weeks of
T4 treatment (Fig. 5a–c). This is in agreement with pre-
vious findings showing a 2-fold increase in TT3 serum
concentrations in female mice under T3 treatment,
whereas male mice revealed only 50 % increase in TT3
serum concentrations [47]. In contrast, under TH
deprivation, no sex differences in serum TT4, fT4, fT3,
and TSH concentrations were found in our mice. Sex
differences in thyroid function parameters, such as TSH
and classical thyroid hormones T4 and T3, have also
been addressed in epidemiological studies; however, no
consistent findings were reported [48–50]. Other studies
using murine models have described sex differences in
thyroid function parameters at least for some strains and
indicate that serum TH status needs to be considered
when studying TH action [7, 51]. Thus, for every geno-
type, TH serum concentrations should be measured in a
sex-matched manner.
When studying sex differences in animal models or
humans, it is likely that the most elaborated differences
between male and female individuals are related to go-
nadal hormones. The connection between TH and es-
trogens has been a subject of extensive research. One
major effect is an increase in thyroxine-binding globu-
lin capacity by estrogens [52, 53]. In our mice study,
we observed increased TT4 serum concentration in
hyperthyroid female compared to male mice, which
could be explained by higher binding capacity of
thyroxine-binding globulin. However, this does not ex-
plain the sex-dependent difference in fT4 concentra-
tions, which were also significantly higher in female
compared to male mice. Secondly, interactions between
gonadal and thyroid hormones occur through the
hypothalamic-pituitary-thyroid and the hypothalamic-
pituitary-gonadal axis; thus, hyper- and hypothyroidism
can interfere with the gonadal axis resulting in infertil-
ity in particular in the female organism. Finally, there
was no apparent direct linear correlation between
phenotype and classical T4/T3 ratio in relation to ob-
served sex variation in phenotypical traits. Thus, al-
though higher TT4 and fT4 serum concentrations were
present in hyperthyroid female mice, they show exag-
geration only in motor activity and exploration while
other traits of hyperthyroidism are less prominent than
in male animals.
Conclusions
We showed that sex is an important modifier of TH
action resulting in distinct phenotypic, metabolic, and
biochemical traits of hyper- and hypothyroidism in male
and female mice. Importantly, a direct linear link be-
tween TH serum concentrations and sex-dependent
phenotype was not observed. The wide spectrum of key
players in TH action, such as distinct circulating TH de-
rivatives and metabolites, tissue-specific TH trans-
porters, non-genomic TH effects, and classical nuclear
TH action, illustrates the complex situation in an intact
organism [54]. It seems crucial to address possible sex
difference under natural conditions, and further analysis
of sex-specific traits will require additional studies using,
e.g., gonadectomized animals.
Additional file
Additional file 1: Table S1. Oligonucleotides used for amplification
of house-keeping genes, TH responsive genes, and TH transporters
by real-time PCR. (DOCX 28 kb)
Acknowledgements
The authors are grateful to S. Rehn, A. Jaeger, J. Fleckhaus, and E. Werbenko
for their dedicated technical support. We are also grateful to Prof. Refetoff
and Xiao Hui Liao (University of Chicago, Chicago, USA) for the serum TSH
measurements and Dr. Kleinbongard and Prof. Heusch (Institute for
Pathophysiology, University Hospital Essen, Essen, Germany) for their help
with mouse ECG analysis. This work was supported by DFG FU 356/7-1 to
DF, MO 1018/2-1 to LCM in the framework of SPP 1629 THYROID TRANS
ACT. TH analysis was performed by Dr. Eddy Rijntjes in the team of Prof. J.
Köhrle in the SPP1629 Core Facility (DFG KO 922/17-1).
Funding
This work was funded by DFG FU 356/7-1 to DF, MO 1018/2-1 to LCM in the
framework of SPP 1629 THYROID TRANS ACT.
Availability of data and materials
The datasets analyzed during the current study are available from the
corresponding author on request.
Authors’ contributions
HR, KE, DZ, and DF conceived and designed the experiments. HR, KE, and GSH
performed the experiments. HR, KE, and SH analyzed the data. LCM, JK, KHS, DZ,
and DF contributed to data interpretation. HR, DZ and DF wrote the
manuscript. All authors reviewed the manuscript and provided valuable
feedback and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1Division of Laboratory Research Department of Endocrinology and
Metabolism, Clinical Chemistry, University Hospital Essen, University
Duisburg-Essen, 45122 Essen, Germany. 2Charité-Universitätsmedizin Berlin,
Institute of Experimental Endocrinology, 13353 Berlin, Germany.
Received: 3 May 2016 Accepted: 10 August 2016
References
1. Vanderpump MPJ. The epidemiology of thyroid disease. Br Med Bull.
2011;99:39–51.
2. Clayton JA, Collins FS. NIH to balance sex in cell and animals studies.
Nature. 2014;509:282–3.
3. Hammes SR. Sex matters in preclinical research. Mol Endocrinol. 2014;28:1209–10.
4. Bianco AC, Anderson G, Forrest D, Galton VA, Gereben B, Kim BW, et al.
American thyroid association guide to investigating thyroid hormone
economy and action in rodent and cell models. Thyroid. 2014;24:88–168.
Rakov et al. Biology of Sex Differences  (2016) 7:36 Page 11 of 13
5. Engels K, Rakov H, Zwanziger D, Moeller LC, Homuth G, Koehrle J, et al.
Differences in mouse hepatic thyroid hormone transporter expression
with age and hyperthyroidism. Eur Thyroid J. 2015;4 Suppl 1:81–6.
doi:10.1159/000381020 .
6. Zwanziger D, Rakov H, Engels K, Moeller LC, Fuhrer D. Sex-dependent
claudin-1 expression in liver of eu- and hypothyroid mice. Eur Thyroid J.
2015;4 Suppl 1:67–73. doi:10.1159/000431316 .
7. Pohlenz J, Maqueem A, Cua K, Weiss RE, Van Sande J, Refetoff S. Improved
radioimmunoassay for measurement of mouse thyrotropin in serum: strain
differences in thyrotropin concentration and thyrotroph sensitivity to
thyroid hormone. Thyroid. 1999;9:1265–71.
8. Gent S, Kleinbongard P, Dammann P, Neuhäuser M, Heusch G. Heart rate
reduction and longevity in mice. Basic Res Cardiol. 2015;110(2):1–9.
doi:10.1007/s00395-014-0460-7 .
9. Wulf A, Harneit A, Kröger M, Kebenko M, Wetzel MG, Weitzel JM. T3-
mediated expression of PGC-1α via a far upstream located thyroid hormone
response element. Mol Cell Endocrinol. 2008;287:90–5.
10. Crowe TC, Cowen NL, Loidl NM, Topliss DJ, Stockigt JR, Barlow JW. Down-
regulation of thyroxine-binding globulin messenger ribonucleic acid by
3,5,3′-triiodothyronine in human hepatiblastoma cells. J Clin Endocrinol
Metab. 1995;80:2233–7.
11. Kahaly GJ, Dillmann WH. Thyroid hormone action in the heart. Endocr Rev.
2005;26:704–28.
12. Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper-Excel-based tool using pair-wise correlations.
Biotechnol Lett. 2004;26:509–15.
13. Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST)
for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res. 2002;30:e36.
14. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 2001;29:2002–7.
15. Dunham NW, Miya TS. A note on a simple apparatus for detecting
neurological deficit in rats and mice. J Am Pharm Ass. 1957;46:208–14.
16. Boissier JR, Tardy J, Diverres JC. Une nouvelle méthode simple pour
explorer l’action “tranquillisante”: le test de la cheminée. Med Exper.
1960;3:81–4.
17. Daugé V, Sebret A, Beslot F, Matsui T, Roques B. Behavioral profile of CCK2
receptor-deficient mice. Neuropsychopharmacology. 2001;25:690–8.
18. Kim M, Kusakabe Y, Miura H, Shindo Y, Ninomiya Y, Hino A. Regional
expression patterns of taste receptors and gustducin in the mouse tongue.
Biochem Biophys Res Commun. 2003;312:500–6.
19. Zhang G, Zhang H, Deng S, Qin Y. Regional differences in taste bud
distribution and α-gustducin expression patterns in the mouse fungiform
papilla. Chem Senses. 2008;33:357–62.
20. Tordoff MG. Taste solution preferences of C57Bl/6J and 129X1/SvJ mice:
influence of age, sex, and diet. Chem Senses. 2007;32:655–71.
21. Sahún M, Villabona C, Rosel P, Navarro MA, Ramón JM, Gómez JM, Soler J.
Water metabolism disturbances at different stages of primary thyroid failure.
J Endocrinol. 2001;168(3):435–45.
22. Karmisholt J, Andersen S, Laurberg P. Weight loss after therapy of
hypothyroidism is mainly caused by excretion of excess body water
associated with myxoedema. J Clin Endocrinol Metab. 2011;96(1):E99–103.
doi:10.1210/jc.2010-1521 .
23. Toni R, Mosca S, Ruggeri F, Valmori A, Orlandi G, Toni G, Lechan RM,
Vezzadini P. Effect of hypothyroidism on vasoactive intestinal polypeptide-
immunoreactive neurons in forebrain-neurohypophysial nuclei of the rat
brain. Brain Res. 1995;682(1-2):101–15.
24. Vallortigara J, Alfos S, Micheau J, Higueret P, Enderlin V. T3
administration in adult hypothyroid mice modulates expression of
proteins involved in striatal synaptic plasticity and improves motor
behaviour. Neurobiol Dis. 2008;31:378–85.
25. Buras A, Battle L, Landers E, Nguyen T, Vasudevan N. Thyroid hormones
regulate anxiety in the male mouse. Horm Behav. 2014;65:88–96.
26. Sanchez-Alavez M, Alboni S, Conti B. Sex- and age-specific differences in
core body temperature of C57Bl/6 mice. Age. 2011;33:89–99.
27. De Bono JP, Adlam D, Paterson DJ, Channon KM. Novel quantitative
phenotypes of exercise training in mouse models. Am J Physiol Regul
Integr Comp Physiol. 2006;290:R926–34.
28. Glenmark B, Nilsson M, Gao H, Gustafsson JA, Dahlman-Wright K,
Westerblad H. Difference in skeletal muscle function in males vs.
females: role of estrogens receptor-β. Am J Physiol Endocrinol Metab.
2004;287:E1125–31.
29. Burnes LA, Kolker SJ, Danielson JF, Walder RY, Sluka KA. Enhanced muscle
fatigue occurs in male but not female ASIC3-/- mice. Am J Physiol Regul
Integr Comp Physiol. 2008;294(4):R1347–55.
30. McCarthy MM, Konkle ATM. When is a sex difference not a sex difference?
Front Neuroendocrinol. 2005;26:85–102.
31. Becker JB, Arnold AP, Berkley KJ, Blaustein JD, Eckel LA, Hampson E, et al.
Strategies and methods for research on sex differences in brain and
behavior. Endocrinology. 2005;146:1650–73.
32. Gaskill BN, Gordon CJ, Pajor EA, Lucas JR, Davis JK, Garner JP. Impact of
nesting material on mouse body temperature and physiology. Physiol
Behav. 2013;110-111:87–95.
33. Obregon MJ. Adipose tissues and thyroid hormones. Front Physiol. 2014;
5(479):1–12.
34. Martinez de Mena R, Scanlan TS, Obregon MJ. The T3 receptor beta1
isoform regulates UCP1 and D2 deiodinase in rat brown adipocytes.
Endocrinology. 2010;151(10):5074–83.
35. Hinz KM, Meyer K, Kinne A, Schülein R, Köhrle J, Krause G. Structural insights
into thyroid hormone transport mechanisms of the L-type amino acid
transporter 2. Mol Endocrinol. 2015;29(6):933–42.
36. Pochini L, Scalise M, Galluccio M, Indiveri C. Membrane transporters for the
special amino acid glutamine: structure/function relationships and relevance
to human health. Front Chem. 2014;2:1–23.
37. Feldmann HM, Golozoubova V, Cannon B, Nedergaard J. UCP1 ablation
induces obesity and abolishes diet-induced thermogenesis in mice exempt
from thermal stress by living at thermoneutrality. Cell Metab. 2009;9:203–9.
38. Bianco AC, Maia AL, da Silva WS, Christoffolete MA. Adaptive activation of
thyroid hormone and energy expenditure. Biosci Rep. 2005;25:191–208.
39. Silva JE. Thermogenic mechanisms and their hormonal regulation. Physiol
Rev. 2006;86:435–64.
40. Ueta CB, Olivares EL, Bianco AC. Responsiveness to thyroid hormone and to
ambient temperature underlies differences between brown adipose tissue
and skeletal muscle thermogenesis in a mouse model of diet-induced
obesity. Endocrinology. 2011;152:3571–81.
41. Mittag J, Lyons DJ, Sällström J, Vujovic M, Dudazy-Gralla S, Warner A, et al.
Thyroid hormone is required for hypothalamic neurons regulating
cardiovascular functions. J Clin Invest. 2013;123(1):509–16.
doi:10.1172/JCI65252 .
42. Lin JZ, Martagón AJ, Hsueh WA, Baxter JD, Gustafsson JA, Webb P, et al.
Thyroid hormone receptor agonists reduce serum cholesterol independent
of the LDL receptor. Endocrinology. 2012;153:6136–44.
43. Jonas W, Lietzow J, Wohlgemuth F, Hoefig CS, Wiedmer P, Schweizer U, Köhrle J,
Schürmann A. 3,5-Diiodo-L-thyronine (3,5-T2) exerts thyromimetic effects on
hypothalamus-pituitary-thyroid axis, body composition, and energy metabolism
in male diet-induced obese mice. Endocrinology. 2015;156(1):389–99.
44. Zhang A, Sieglaff DH, York JP, Suh JH, Ayers SD, Winnier GE, et al. Thyroid
hormone receptor regulates most genes independently of fibroblast growth
factor 21 in liver. J Endocrinol. 2015;224:289–301.
45. Shin D-J, Osborne TF. Thyroid hormone regulation and cholesterol
metabolism are connected through sterol regulatory element-binding
protein-2 (SREBP-2). J Biol Chem. 2003;278:34114–8.
46. Drover VAB, Angellon LB. Regulation of the human cholesterol 7α-
hydroxylase gene (CYP7A1) by thyroid hormone in transgenic mice.
Endocrinology. 2004;145(2):574–81.
47. da Silveira AL B, de Souza Miranda MF, Mecawi AS, Melo RL, Marassi MP, da
Silva AC M, et al. Sexual dimorphism in autonomic changes and in the
renin-angiotensin system in the hearts of mice subjected to thyroid
hormone-induced cardiac hypertrophy. Exp Physiol. 2014;99.
48. Roelfsema F, Pereira AM, Veldhuis JD, Adriaanse R, Endert E, Fliers E, Romijn
JA. Thyrotropin secretion profiles are not different in men and women. J
Clin Endocrinol Metab. 2009;94:3964–67.
49. Aghini-Lombardi F, Antonangeli L, Martino E, Vitti P, Maccherini D, Leoli F,
et al. The spectrum of thyroid disorders in an iodine-deficient community:
the Pescopagano survey. J Clin Endocrinol Metab. 1999;84:561–6.
50. Kapelari K, Kirchlechner C, Högler W, Schweitzer K, Virgolini I, Moncayo R.
Pediatric reference intervals for thyroid hormone levels from birth to
adulthood: a retrospective study. BMC Endocr Disord. 2008;8:15.
51. McLachlan SM, Hamidi S, Aliesky H, Williams Robert W, Rapoport B. Sex,
genetics and the control of thyroxine and thyrotropin in mice. Thyroid.
2014;24:1080–7.
Rakov et al. Biology of Sex Differences  (2016) 7:36 Page 12 of 13
52. Engbring NM, Engström WW. Effects of estrogens and testosterone on
circulating thyroid hormone. J Clin Endocrinol Metab. 1958;19:783–96.
53. Franklyn JA, Ramsden DB, Sheppard MC. The influence of age and sex on
tests of thyroid function. Ann Clin Biochem. 1985;22:502–5.
54. Fuhrer D, Brix K, Biebermann H. Understanding the healthy thyroid state in
2015. Eur Thyroid J. 2015;4 Suppl 1:1–8. doi:10.1159/000431318 .
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Rakov et al. Biology of Sex Differences  (2016) 7:36 Page 13 of 13
